as possible explosion suppressants for aircraft fuel tanks was investigated in ignitions with small charges of an IM-11 incendiary powder (Ba(NO)2-Mg-Al) and 30-caliber incendiary ammunition,. Ignitions with the incendiary powder in a 74 gallon fuel tank indicated that over 8 vol tie percent Halon 1301 is required to fully quench flame propagations of near-stoichiometric n-pentane-air mixtures and limit the pressure rise to less than 5 psi; such high Halon concentrations were also required under gun firing conditions using the 30-caliber ammunition. The critichl Halon requirements for quenching the incendiary ignitions of n-pentane-air mixtures did not appear to differ greatly for the three Halons investigated in this wor. Other experiments were conducted in a 216 ft chamber to evaluate the effectiveness and toxicity hazard of Halon 38 (C 3 F8) in extinguishing Class A fires by the total flooding mode. This agent was less effective and produced a greater toxicity hazard than Halon 1301 (CF 3 Br) in extinguishing cotton sheeting or paper sheeting fires. Approximately 10 to 12 volume percent Halon 38 was required for extinguishing cotton sheeting fires, although incandescent burning was possible after extinguishment in some cases. Product HF concentrations were as high as 2500 ppm, depending upon the extinguishing conditions. Some comparison data are also given from total flooding experiments with liquid nitrogen, which was much less effective than Halon 38 in extinguishing cotton sheeting fires. (CF 3 Br), 1202 (CF2Br2), and 1211 (CF2ClBr) was determined in simulated fuel tank ignitions to extend the data previously obtained under laboratoryscale conditions. The critical inhibitor requirements were defined using n-pentane-air-Halon mixtures that were ignited with small charges of an incendiary powder (IM-11), a 50-50 mix if barium nitrate and magnesiumaluminum powders.
Comparison data from gun firings with 30-caliber incendiary ammunition are also presented. Under Part II, Halon 3800 (C 3 F 8 ) was evaluated as a possible extinguishant for use on advanced aircraft. The efectiveness and toxic product formation cf this agent were determined in total flooding experiments with Class A fires involving cotton or paper sheeting. Since liquid nitrogen may be available on some aircraft for inerting fuel tanks, a few total flooding experiments were also made to cursorily examine its 'limitations against Class A fires. However, because of the Bureau's pressing commitments to mine safety problems, it was necessary to reduce the scope of the contract and to terminate the experimental work earlier than planned.
The work under Part III, which is concerned with the preparation of a safety manual for use in investigating aircraft fires or explosions, is being treated separately and will be completed during the next year. 
A. Ignition Inhibitors for Fuel Tank Protection
The incendiary ignition experiments with the various fuel vaporair-inhibitor mixtures were performed in a 74-gallon fuel tank, 27-inches in diameter and 30 incheq long, that was constructed frnm the mid-section of a 450-gallon aircraft fuel tank. Figure 1 shows the experimental setup. The modified fuel tank was instrumented with a 0.040-inchdiameter Chromel-Alumel* thermocouple to measure the gas mixture temperature and with a strain-gage pressure transducer to monitor pressure during a firing; the output of the thermocouole was fed to a potentiometer, and that of the pressure transducer to an oscilloscope equipped with a camera. Six electrical strip heaters were evenly spaced around the fuel tank for heating the gas mixture when required. One end of the fuel tank was equipped with a gas inlet port, a rupture disk (1 mil brass), and an adaptor for the incendiary igniter assembly; the other end had an access port for gas sampling. The static pressure required to rupture the brans diaphragm was about 15 psig. Figure 2 is a photograph of the igniter assembly which was fabricated from a Conax fitting, having a 5/8-inch base and equipped with a 3/8-inch diameter electrode that was insulated by a phenolic sleeve. The IM-11 incendiary powder was loaded in the annular space within the Conax fitting. This fitting was covered with a cardboard compression ring and secured by a 1/16-inch plexiglass rupture disk and a locking nut. Ignition of the incendiary powder was effected by a 110 volt d.c. source after the material was packed so that its electrical resistance was not more than 30 ohms; the packing density was controlled by adjustment of the locking nut.
Experiments were conducted in the fuel tank under static conditions with near-stoichiometric n-pentane (2.2 to 2.4 volume percent)-air mixtures and various Halon inhibitor concentrations at 850 ± 5*F and atmospheric p-essure. To conduct an experiment, the test mixture was passed through the fuel tank for about three volume changes after which a gas sample was taken from the effluent and analyzed by gas chromatography to verify the composition of the mixture. The gas mixture was then ignited by firing the incendiary source, using incendiary charges of 0.55 g or larger. Since all ignition delays observed in these experiments were minimal (<2 milliseconds), the pressure rise data developed were relied upon to assess the ignition suppression effectiveness of the Halon agents.
Several runs were also made in the 74-gallon fuel tank in which mixtures were ignited by gun firings with 30-caliber incendiary (50 grains of IM-ll) ammunition. In these experiments, the incendiary ammunition was fired into the middle of the fuel tank through a 1/4-inch steel striker plate. The gun firings were made with a 30-'06 rifle about 150 feet from the fuel tank; the projectile velocity was approximately 2800 ft/sec. * Reference to specific trade names is made to facilitate understanding and does not imply endorsement by the Bureau of Mines. Fire extinguishing experiments with Halon 3800 were conducted by the total flooding mode in a 216 ft 3 chamber usin8 cotton sheeting (5.1 oz/yd 2 ) and "Sanidrape" paper sheeting (2.1 oz/yd) as the combustibles.
As shown in figure 3, the combustible was mounted on a rectangular rack suspended in the center of the cha-er and ignited by a nichrome coil along the entire bottom edge of the specimen. The Halon was discharged from a 378 in 3 commercial extinguisher bottle (Walter Kidde), pressurized io 350 psig with nitrogen, after a predetermined burning period. This extinguisher was actuated .by firing a pyrotechnic charge which released the agent through a 1-1/2-inch pipe nozzle, directed towards a chamber wall at a 45* angle. The test chamber was instrumented for monitoring pressures and temperatures and for sampling combustion products during a run; motion pictures were also taken to record the burning and extinguishment.
Host experiments were made at a combustible loading of 0.035 oz/ft 3 using a single rack, although a few were made at a loading of 0.070 oz/ ft 3 . For the cotton sheeting, the 0.035 oz/ft 3 loading was achieved by using two 36-by-27-inch sheets, as compared to four 36-by-42-inch sheets for the paper sheeting (2 ply); the higher loading was obtained lv'doubling the number of sheets. When two racks were used, they were spaced about one-foot apart and the combustible was equally divided.
The extinguisher charge was varied from 6.4 to 13.8 lbs to provide Halon 3800 concentrations of 6 to 12 volume percent in the test chamber. However, because of the limited capacity of the commercial extinguisher (".15 lbs), the use of the higher loadings would greatly reduce the available ullage and amount of nitrogen that could be added. Therefore, a nitrogen reservoir was added to insure that the pressure throughout the discharge would approx mately correspond to that maintained in earlier work with Halon 1301.2 Gas samples were taken at 5, 60, and 240 seconds after the Halon discharge and analyzed for normal combustion products by gas chromatography; total fluorides were determined by a specific ion electrode method and are reported as HF. -Details regarding the sampling system 2 ! and analytical techniques are described in a previous summary report.-A few total flooding experiments were conducted in the 216 ft 3 test chamber using liquid nitrogen as the extinguishant. Cotton sheeting was the combustible at a 0.035 oz/ft 3 loading on a single rack. The liquid nitrogen reservoir consisted of a 6,5-inch i.d. by 18-inch long cylindrical vessel, which was equipped with an adjustable overflow for regulating the volume of nitrogen and connected to a 600 psig helium reservoir for rapidly disch-rging of the system (figure 4). Upon opening the valve connecting the two vessels, the system pressure attained a value of only about 240 psig because of the low temperatures and ruptured the brass 45 psig) , the experiments were limited to those where preburn times were not excessive.
RESULTS AND DISCUSSION
A. Ignition Inhibitors for Fuel Tank Protection
Ignitions with Incendiary Powder
Results obtained in the fuel tank incendiary ignitions revealed that the ignition suppression requirements for n-pentane-air mixtures did not differ greatly with the composition of the three Halons (1301, 1202, and 1211) investigated. Table I and figure 5 show the effect of Halon concentration on the rates of pressure rise from experiments In which nearstoichiometric (2.2-2.4Z) n-pentane-air mixtures and the added Halons were ignited with 0.55 gram charges of the IM-11 incendiary powder. Both the initial and maximum rates of pressure rise decreased with increasing Halon concentration. The maximum pressure rises attained when the explosion relief diaphragm ruptured also decreased with increasing inhibitor concentration, although the results weie not completely consistent since the diaphragm failure also depended upon the pressure rise rate. With Halon 1301, the maximum pressure rise rates decreased noticeably when the Halon concentration was increased from 0 to about 3.5 volume percent, above which the rates were less than 200 psi/sec. A Halon concentration greater than 8 percent was required to reduce the pressure rise to less than 5 psi and, thereby, provide an acceptable level of explosion suppression for this application. As indicated, the maximum pressure rise was only 3.2 psi and the corresponding rate of pressure rise was less than 15 psi/sec with 10 percent Halon 1301; in this case, the explosion relief diaphragm was not ruptured. According to calibration tests, pressure rises up to approximately 1.5 psi could be attributed to the burning of the incendiary (0.55 g). The corresponding quenching requirements with Halons 1202 and 1211 appeared to be over 7 percent, although the data were less complete for these inhibitors. With 7 percent concentrations of these Halons, the maximum pressure rise rates were only about 50 psi/ sec, but the pressure rises were at least 10 psi.
The effect of the amount of incendiary powder in the above experiments was investigated usiig 0.55 to 1.5 gram incendiary charges and Halon 1301 (7 to 8 volume percent) as the inhibitor. Although the Halon concentration was not constant, this was not serious considering the trend of pressure rise data for the 0.55 gram charge weight (figure 5). It is evident from the results in Table II that the effect of igniter weight on inhibition effectiveness is rather small when the incendiary charge is increased from 0.55 to 1.0 gram. However, with a further increase to 1.5 grams, the initial and maximum pressure rise rates appeared to double at least; also, the time to attain maximum pressure was substantially reduced. Obviously, 'I Halon (dp/dt) initial (dp/dt)max Pmax • " p the effect of the igniter weight on explosion pressure development will depend upon the size of the container in which the ignition occurs.
According to the present results, the effectiveness of the three Halon inhibitors in suppressing incendiary ignitions of n-pentane-air mixtures varies more noticeably with the concentration of inhibitor than with its composition. Also, the critical Halon concentrations for quenching tend to be high compared to those found with a localized ignition energy source, such as an electric spark. With the latter ignition source, concentrations of less than 5 volume percent of Halons 1301, 1211, or 1202 are required for inerting methane-air flames at atmospheric pressure;.
/ about the same concentrations are necessary for the flames of higher m ecular weight paraffins, such as n-pentane, n-hexane, or nheptane..
-I Since the inerting or quenching requirements do not vary greatly with the composition of hydrocarbon type fuels, the data presented in this report can be used to predict the approximate concentrations of the given Halons for protecting against fuel tank ignitions involving aircraft jet fuels. In all cases, the Halon requirements are much less severe than those found with the use of an inert gas, such as nitrogen or carbon dioxide.
Ignitions with Gun Firings
The inhibitor effectiveness of Halon 1301 was also examined in a few gun firing experiments in which near-stoichiometric n-pentane-air mixtures were ignited in the fuel tank with 30-caliber incendiary ammunition (50 grains). The pressure rise data from the gun firing experiments with test mixtures containing 0, 1.8, and 9.7 volume percent Halon 1301 i P are compared in Figure 6 and Table III with the results obtained using the igniter assembly with 0.55 gram charges of the incendiary powder and approximately the same inhibitor concentrations. Except for the rins with no Halon inhibitor, the rates of pressure rise at the given Falon concentrations tended to be somewhat higher in the trials with the incendiary ammunition. As noted, the maximum rate of pressure rise in Vhe gun firings decreased from 693 to 43 psi/sec when the inhibitor conlentration was increased from 1.8 to 9.7 volume percent. In comparison, the corresponding rates in the experiments with the incendiary igniter (0.55 gram) chamber were 470 and 14.0 psi/sec at Halon.1301 concentrations of 1.6 and 10.0 volume percent, respectively. It is also noted that at the highest Halon concentration, the time to attain maximum pressure was much shorter when ignition was initiated by gun firing; nevertheless, complete quenching was achieved regardless of the ignition source, Table IV summarizes the Halon 1301 requirements that have been obtained for quenching approximately stoichiometric n-pentane-air ignitions under various ignition conditions. The small-scale experimental data were reported previously= and show the misleading conclusions that could result from the use of a marginal ignition source, such as a heated platinum wire, that is limited by its temperature. On the other hand, the Halon quenching requirement for ignitions with an exploding wire is similar to that found with the IK-11 incendiary powder under laboratoryscale conditions. Furthermore, the laboratory results with these two energy sources appeared to be nearly comparable to those obtained in the large-scale incendiary ignitions in a 74-gallon fuel tank. Since the quenching requirements will generally increase with increased igniter energy flux, the results from single gun firings are not applicable to multiple gun firings without allowing for the effect of additional ignition sites.
B. Total Flooding Fire Suppression Systems

Halon 3800
The large-scale extinguishing experiments with cotton sheeting fires at a loading of 0.035 oz/ft 3 (1 rack) indicated that a 6 percent Halon 3800 concentration is relatively ineffective against such fires. Table V summarizes the data from the experiments conducted in the 216 ft 3 test chamber using both cotton and paper sheeting. With the cotton sheeting and a preburn period of 25 seconds, a 6 percent Halon concentration was not very effective since the burning was sustained for 30 seconds after the Halon application and 90 percent of the combustible was conoumed; about 60 percqnt combustible would normally be consumed after such a preburn period.-/ With 10 or 12 percent concentrations at the same preburn time, the burning appeared to be rapidly extinguished (1-1/2 seconds). However, on opening the chamber after 15 minutes, the combustible (mostly char) was still glowing and again at least 90 percent was consumed. Only when the preburn time was reduced to 15 seconds or less was rapid and complete extinguishment achieved at this combustible loading. In comparison, a 6 percent Halon 1301 concentration and a 25 second preburn time were previously found to provide total extinguishment in less than 1 second with only 65 percent of the cotton sheeting consumed.-/ At a higher cotton sheeting loading of 0.07 oz/ft 3 , rapid and complete extinguishment was achieved after a short preburn time (10 seconds) using 10 or 12 percent Halo 3800; similar success had been obtained with Halon 1301 at lower concentrations. However, at a 20 second preburn time, incandescent burning was again observed after extinguishing the flamesi A with the perfluorinated hydrocarbon. It is apparent that this Halon would be useless against most deep-seated fires, although no vaporizable extinguishants are recommended per se for such fires.
In the extinguishing experiments with paper sheeting fires, a combustible loading of 0.035 oz/ft 3 was used with burning on single and double racks. Here, the Halon was injected after a preburn period of only 6 or 8 seconds, corresponding to the time when the burning was near its peak.
Both 12 percent and 10 percent Halon 3800 concentrations gave complete extinguishment of burning on single and double racks, respectively, within one second. Lower extinguishant concentrations were not investigated with this combustible.
Based on previous small-scale experiments, the main toxic products investigated were carbon monoxide (CO) and hydrogen fluoride (HF). Since the CO formation was primarily dependent upon the amount of combustible burned, the extinguishing experiments with the longer preburn periods yielded the highest CO concentrations. The toxic product data are included in Table V . With either the cotton sheeting or paper sheeting fires, the CO was not greater than 2000 ppm. Thse maximum CO concentrations are above the threshold limit value (TLV)J-of 50 ppm, which can cause some ill effects for extended exposuig periods, but are far below the approximate lethal concentration (ALC)Y -/ of 15,000 ppm reported for 15 minute exposure periods.
The HF concentrations produced in the present study with Halon 3800 were noticeably higher than the total halogen acid concentrations produced in similar experiments with Halon 1301-/ under essentially the same fire conditions. This was largely due to the fact that higher Halon 3800 concentrations were required for extinguishing the fires. The highest HF noncentrations (1000-2500 ppm) occurred in extinguishing the cotton sheeting fires with long preburn time and in the paper sheeting fires which were investigated only under peak burning conditions. Under such burning and extinguishing conditions, the toxicity hazard due to HF could be serious since the ALC value for 15 minutes of exposure is 2500 ppm. These results generally confirm those from the small-scale experiments.-/ Essentially, Halon 3800 is less effective than Halon 1301 and produces a greater toxicity hazard in extinguishing such Class A fires.
Liquid Nitrogen
Two total flooding experiments were initially conducted in the 216 ft 3 chamber to obtain reference data with the liquid nitrogen dispersal system. Table VI summarizes the N 2 was prolonged since the temperature dropped over 100OF within 4 seconds after injection and recovered only about half this drop within 30 seconds. The oxygen concentration after 240 seconds was 13.5 percent: for the lower N 2 loading and 12.3 percentJfor the higher loading.
Extinguishing 3xperiments with the liquid nitrogen system were made with cotton sheetinC fires at a combustible loading of 0.035 oz/ft 3 (1 rack) and a preburn of 18 seconds. Table VII shows the data obtained using 30, 35, and 40 percent nitrogen. The 30 percent N 2 dilution was hardly effective since the extinguishing time was 10 seconds and 58 percent of the combustible was consumed; 25-30 percent consumption would be expected after an 18 second preburn time.2-/ In comparison, both of the higher N2 concentrations provided rapid extinguishment (<l second) under the same condition and limited the burning to less than 30 percent of available combustible; total N 2 was between 83 and 85 percent and the CO or C02 formation was lower than in the trial with 30 percent N 2 . Figure 7 compares the pressure rise development obtained with the 35 percent added N2 in experiments with and without the cotton sheeting fires. In the extinguishment test, the nitrogen vaporized much more rapidly because of the added heat to the chamber during the preburn period. Also, because of the rapid extinguishment, the maximum pressure rise was not much higher than that produced by the added N 2 in the absence of fire.
The high N2 concentrations required for extinguishment are not unexpected considering that similar concentrations of this gas are also necessary to inert many hydrocarbon fuel-air systems. As a result of the high agent requirements, corresponding oxygen concentrations are low and therefore, preclude the use of N 2 total flooding systems in occupied compartments because of the asphyxiation hazard. Furthermore, the agent requirements can vary with combustible composition, combustible orientation, and fire scaling parameters. Information on the effects of these variables is essential in determining the potential of such an extiniguisher system for any contemplated use. 
